Abstract. An N,N-dimethylformamide(DMF)-functionalized metal-organic framework, namely, DMF-MIL-101(Cr), was prepared and then used for the adsorptive removal of methylene blue (MB),a cationic dye, from aqueous solutions. MIL-101(Cr) was synthesized by the hydrothermal method. Next, by dipping the MIL-101(Cr) sample in DMF, DMF-MIL-101(Cr) was synthesized. The results of X-ray diffraction analysis, Fourier transform infrared spectroscopy, and thermogravimetric analysis confirmed that DMF and MIL-101 could be combined successfully. More importantly, the MB uptake capacity of DMF-MIL-101(Cr) was significantly higher than that of MIL-101(Cr). Unlike MIL-101(Cr),DMF-MIL-101(Cr) could adsorb the entire MB in a solution with a concentration of 10.92 mg/L,owing to the electrostatic interactions between DMF and the MB molecules. In 100 mL of a 10.92-mg/L MB solution, DMF-MIL-101(Cr) can reach a state of absorbance equilibrium within10 min. After that, the adsorption process exhibited the characteristics of a zero-order reaction. This result indicates that it may be possible to exploit different functionalization methods and improve the rate of adsorption of dyes onto metal-organic frameworks.
Introduction
Metal-organic frameworks (MOFs) are formed by linking inorganic and organic units through strong bonds (i.e., through reticular synthesis) [1] . The past decade has seen explosive growth in the development and synthesis of MOFs, which have significant potential for use in gas storage [2] [3] [4] , chemical separation [5] , chemical sensors [6] , and catalysis [7] . MIL-101 is a representative MOF material and has attracted significant interest from researchers in recent years [8] .MIL-101(Cr) was first synthesized by Férey and coworkers in 2005 [9] . The framework of MIL-101 consists of two types of quasispherical cages. The smaller ones are limited by 12 pentagonal faces, while the larger ones are limited by 12 pentagonal and 4 hexagonalfaces. In addition, the small and large cages are present in a 2:1 ratio, and their internal free diameters are ~29 Å and ~34 Å, respectively [10] . The corresponding volumes are ~127000 Å3 and ~20600 Å3, respectively. Moreover, MIL-101(Cr)is characteristic ofthree kinds of windows, havingsizes ~12 Å, ~14.5 Å, and ~16 Å.Given the above-mentioned properties of MIL-101, it is evident that it has great potential for use in a wide variety of applications. Molecular simulation studies have shown that, owing to its structure, MIL-101(Cr) can storegasmolecules [11] . The surface area of MIL-101(Cr) is as high as 5900 ± 300 m 2 /g 9 ,allowing it to be used for the storage/separation of H 2 [12] , CO 2 [13] , and CH 4 [14] . For example, MIL-101 can load large amounts of H 2 at 77 K, with its adsorption capacity being close to 6.1 wt% at low pressures. However, at room temperature it can only store relatively small amounts of H 2 . Further, MIL-101(Cr) activated with NH 4 F exhibits a CO 2 -loading capacity of30.5 mmol/gat 5 MPa and a CH 4 -loading capacity of 13.6 mmol/g at 6 MPa.
The properties of MIL-101depend almost completely on its porosity [15] . Due to the relatively large pores of MIL-101(Cr), metal nanoparticles, including those of Ni, Au, and Pd, can impregnate it readily [15] [16] [17] . In 2011, Gu and coworkers immobilize nanocrystallineAu and Pd nanoparticles into MIL-101(Cr) by using ethylenediamine, which can completely convert formic acid (140 mg) into H 2 [16] . In addition, it can be used for the adsorptive denitrogenation of fuels after being impregnated with phosphotungstic acid (PWA) [17] . Loading PWA on MIL-101 at a rate of 1% increased the adsorption of quinoline by approximately 20%. At the same time, MIL-101(Cr) can also be used to reduce and remove Cr(VI), which is toxic, from aqueous solutions using formic acid 15 . Similarly, MIL-101 immobilized by Pd is highly active with respect to the catalytic reduction of 4-nitrophenol (4-NPh) by sodium borohydride (NaBH4) [18] . When Pd@MIL-101 was introduced into a solution of 4-nitrophenol, the bright-yellow solution gradually faded in color under ambient conditions. Further, its ultraviolet-visible (UV-Vis) spectral wavelength changed from 400 to 300 nm, indicating the occurrence of a chemical reaction involving 4-NPh and the formation of 4-aminophenol.
As we know, various experimental techniques for the removal of dyeing effluents and pigments pollute were reported, such as removal through adsorption [19] , ultrafiltration [20] , catalytic photodegradation [21, 22] , oxidation by UV radiation/H 2 O 2 [23, 24] , and direct precipitation and separation of the pollutants by membrane-based processes [25] .Furthermore, for the biological and chemical organic demand (BOD and COD), the removal efficiency of textile effluent containing pigments and dyes is high for BOD with application of ozone and photo-radiation, while itis ineffective for the elimination of azodyes from wastewater in combination with reductive decolorization with Fe(II)/Ca(OH) 2 [19] .The adsorption-based removal process is highly efficient, economically feasible, and simple to implement [26, 27] .Recent studies indicated that electrostatic interactions can increase or decrease the dye-sorption capacity of this MOF [28] [29] [30] [31] . Recently, Haque and coworkers investigated the adsorption behaviors of various dyes using the amino-functionalized MOF, amino-MIL-101(Al) [32] , which exhibited a maximum MB-adsorption capacity of 762±12 mg/g MOF at 30 °C.DMF has a structure similar to that ofammonia, which maybe account for the adsorption kinetics of MB on DMF-MIL-101(Cr). In this study, we explored the absorption behavior of N,N-dimethylformamide (DMF)-functionalized MIL-101(Cr), DMF-MIL-101(Cr), for the removal of methylene blue (MB) from aqueous solutions.
Experimental

Materials.
Terephthalic acid (H 2 BDC) and Cr(NO 3 ) 3 ·9H 2 O were purchased from Aladdin. All the other chemicals used in this study, including HF acid, DMF, and ethanol, were of analytical grade and were bought from commercial suppliers. Methods. The MIL-101(Cr) sample was synthesized using the hydrothermal method reported by Férey 9 . Terephthalic acid (0.83 g) and Cr(NO 3 ) 3 ·9H 2 O (2.0 g) were mixed in24 mL of H 2 O; 1 mL HF was slowly addedinto the above reagents whenthey were being mixed. The resulting mixture was placed in a Teflon-lined reactor and heated for 8 h at 220°C.After being cooled, the resulting MIL-101(Cr) green solidsample was dipped in DMF. In the process DMF can be used to remove the recrystallized H 2 BDC and washed the functionalized MIL-101(Cr). Then, ethanol was used to activate the obtained DMF-MIL-101 sample, which was heated in air in an oven for 24 h at 100 °C. To determine the lattice parameters and other properties of the synthesized DMF-MIL-101(Cr) sample, we used X-ray powder diffraction (XRD) analysis, Fourier transform infrared spectroscopy (FTIR), and thermogravimetric analysis (TGA).The XRD patterns were recorded on a Bruker D8 Advance diffractmeter using Cu Kα radiation (λ = 0.1541 nm).
The synthesized DMF-MIL-101(Cr) sample was used to adsorb MB. First, we prepared an MB solution with a concentration of 10.92 mg/L. Next, 0.0961 g DMF-MIL-101(Cr) was added into 100 mL MB solution in a conical flask and stirred the mixture. At last, after the addition of DMF-MIL-101(Cr), UV-Vis absorption spectroscopy was used to determine thesolution concentration of MB at different time intervals, namely, 5, 10, 15, 20, 25, 30, 40, 50, and 60 min.
Results and Discussion
The XRD analysis, FTIR, and TGA were used to determine the characteristics of the synthesized DMF-MIL-101(Cr) sample, as shown in Fig.1-3 . It can be seen from Fig. 1 that the diffraction peaks of the MIL-101(Cr) sample dipped in DMF are to the right of those of the MIL-101 sample not dipped in DMF. That is to say, the diffraction angles of the peaks of the former are greater, indicating that DMF induced changes in the in-crystal configuration of MIL-101(Cr). Fig. 2 shows the FTIR spectrum of DMF-MIL-101(Cr). The spectrum is different from that reported previously 9 . The spectrum of DMF-MIL-101(Cr) contained vibrational bands characteristic of the framework of the -(O-C-O)-group; these were observed at approximately 1553 cm -1 and 1398 cm -1 . In contrast, previous studies have reported observing them at 1550 cm -1 and 1430 cm -1 , respectively. This confirmed once again that DMF changed the structure of MIL-101(Cr). This result was consistent with the results of the XRD analysis.The results of the TGA of DMF-MIL-101(Cr) (see Fig. 3 ) showed that the thermostability of MIL-101(Cr) was increased by DMF. The TGA curve shows that the weight loss of the tested sample happened in two steps.The first instance of weight loss occurred at a temperature lower than 70°C and happened because of the removal of the guest water. Thesecond occurred between 400 and 595 °C and was attributable to the removal of the OH/F groups and the decomposition of the framework. These two steps are the same as those reported by Férey 9 . However, the decomposition temperature of the framework increased to 400 °C, which was much higher than the one reported previously (275°C). 
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As mentioned previously, in this study, we used MIL-101(Cr) to adsorb MB from an aqueous solution. Fig. 4 shows UV/vis absorption spectra of MB, and MB added DMF, MIL-101(Cr) and DMF-MIL-101(Cr)solution observed after 1 hour. It can be seen clearly that the DMF-MIL-101(Cr) sample greatly adsorbed MB and DMF unmodified MIL-101(Cr) sample did a bit. The results indicated that DMFsupported by MIL-101, on the one hand, extraordinarily improved the ability of MIL-101(Cr) to adsorb MB. On the other hand, DMF-MIL-101(Cr) could absorb all of the MB in the aqueous solutionwith a concentration of 10.92 mg/L, accompanying the adsorption vanishing in the500-700 nmwavelength range. In addition, there was no change for the MB added DMF solution as shown in Fig. 4 , which further proved the electrostatic interactions between DMF-MIL-101(Cr) and the MB molecules. In 100 mL of a 10.92 mg/L MB solution, DMF-MIL-101(Cr), can reach a state of absorbance equilibrium. After that, the adsorption process exhibited the characteristics of a zero-order reaction. This result indicates that it may be possible to exploit different functionalization methods and improve the rate of adsorption of dyes onto metal-organic frameworks. 
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Fig . 5 shows the Uv/vis adsorptioncurve in the MB concentration over time in the case of DMF-MIL-101(Cr). It can be seen from the curve that the adsorption process for MB quickly reached an absorbance equilibrium within approximately 10 min, as reported previously by Nagarethinam [32] .This result indicates that it may be suitable to exploit DMF functionalization methods and improve the rate of adsorption of dyes onto MIL-101(Cr).Subsequently, the adsorption rate greatly decreased after 10 min. This might be the reason that the vibrational mode of MIL-101(Cr) underwent a change, as has been reported in the case of ZIF-8 by Gayatri [33] . However, over time as shown in Fig. 6 , the adsorption rate came to exhibit the characteristics of a zero-order reaction, i.e., 
Conclusions
In this study, we synthesized aDMF-functionalized metal-organic framework, namely, DMF-MIL-101(Cr), by the hydrothermal method andthe subsequent dipping of the MIL-101 sample in DMF. That DMF was supported on MIL-101(Cr) was confirmed byXRD analysis, FTIR, andTGA. The obtained results indicated that DMF-MIL-101 exhibits a higher capacity to absorb MB than does MIL-101(Cr) alone. Owing to the electrostatic interactions between DMF and the MB molecules, the MB uptake capacity of DMF-MIL-101(Cr) was significantly higher than that of Key Engineering Materials Vol. 671
MIL-101(Cr). DMF-MIL-101(Cr) exhibited a high adsorption rate and reached adsorption equilibrium quickly. This indicates that it may be possible to exploit different functionalization methods and improve the rate of adsorption of dyes onto metal-organic frameworks. Subsequently, we aim to determine the underlying mechanisms responsible for the higheradsorption ability of DMF-MIL-101(Cr).
